(OXPHOS). ATP production is driven by the proton motive force, the result of electron transport chain (ETC) components pumping out protons across the inner membrane. The rate of ATP production is greatly dependent on the inner mitochondrial membrane potential ( m ) in coupled respiration. Therefore, strict coupling and maintenance of  m are necessary for efficient energy production through OXPHOS. Interplay between mitochondrial bioenergetics and morphology has been suspected since observations in the late 1960s by Hackenbrock (1966) noting that coupled ATP synthesis correlated with a condensed internal appearance in isolated mitochondria. In cultured cells, a change in mitochondrial morphology toward fragmentation was observed upon inhibition of complex I with rotenone (Benard et al., 2007) . The influence of respiratory function on morphology was striking, as mitochondrial morphology was restored with recovery of complex I deficiency through genetic complementation (Koopman et al., 2005) . Similar findings were reported with samples from both complex I and multi-complex-deficient patients (Benard et al., 2007) . These observations indicate that changes in functional states of mitochondria lead to morphological alterations. This relationship turned out to be reciprocal, as inhibition of mitochondrial fission also resulted in deficiencies in respiration and ATP production (Parone et al., 2008) . However, the mechanism of how mitochondrial function and morphology reciprocally influence each other remains ill defined.
Similarly, changes in the abundance of mitochondrial fusion proteins are associated with altered mitochondrial function (Bach et al., 2003; Olichon et al., 2003; Chen et al., 2005; Pich et al., 2005) . The expression of Mfn2 is decreased in obesity, coincident with the suppressed oxidation of glucose and fatty acid, reduced membrane potential, and diminished expression of nuclear-encoded ETC components. Exogenous expression of full-length as well as truncated Mfn2 protein, lacking its transmembrane
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What comes first, misshape or dysfunction? The view from metabolic excess quality-control mechanism. Twig et al. (2008) observed fusion-fission-paired occurrences in which the fusion event is followed by fission and mitochondria remain mostly in the post-fission state. Mitochondrial fusion is required for the exchange of mitochondrial components, and presumably fission segregates damaged components through a yet to be defined mechanism. In this context, complete inhibition of mitochondrial fission is detrimental to properly functioning mitochondria, causing the accumulation of oxidative damage (Twig et al., 2008) . Therefore, misregulation of not only mitophagy but also fission/fusion could in turn allow for the enhanced production of toxic reactive oxygen species (ROS) from damaged mitochondria.
Two recent studies reported a different aspect of mitochondrial morphology in autophagic degradation of mitochondria (Gomes et al., 2011; Rambold et al., 2011) . In these studies, mitochondria were shown to become elongated under nutrient starvation through Drp1 phosphorylation/dephosphorylation. Elongated mitochondria during starvation are spared from mitophagy and continue to produce ATP by enhancing ATP synthase oligomerization and cristae density, serving as a protective mechanism. Conversely, in fusion-deficient cells, fragmented mitochondria persist even in starvation and deplete cellular energy, leading to starvationdriven cell death (Gomes et al., 2011) . These results are congruent with the prior study identifying stress-induced mitochondrial hyperfusion (Tondera et al., 2009 ). The interconnected networks of mitochondria induced by a variety of stress stimuli increased ATP production. These observations demonstrate that changing mitochondrial morphology through fission and fusion can affect mitochondrial function. In this manner, mitochondrial morphogenesis is intimately associated with adaptations to promote cell survival in response to extracellular stimuli. Disruption of this fine balance would then result in deleterious consequences for cell maintenance and survival.
Mitochondrial fission/fusion and apoptosis. Tissue and organ maintenance requires elimination of dysfunctio nal cells through apoptosis. By retaining and releasing death regulatory factors, mitochondria are central to regulating the progression of intrinsic apoptosis. Mitochondrial fragmentation is prevalent in apoptotic cell death and precedes caspase activation. In fact, mitochondrial morphology appears to play a role in apoptosis, as suppressing mitochondrial fission or promoting fusion delays apoptotic cell death (Frank et al., 2001; Sugioka et al., 2004) . Bcl-2 family proteins are regulators of apoptosis, and given mitochondria fragmentation in apoptosis, it is not surprising that interactions between mito chondrial fission/fusion machinery and Bcl-2 proteins have been identified (James et al., 2003; Brooks et al., 2007; Li et al., 2008; Liu and Shio, 2008;  domain, reversed the phenotype and recovered membrane potential, suggesting that Mfn2 functions in an additional capacity in bioenergetics aside from the mitochondrial fusion activity. Silencing OPA1 also results in a loss of membrane potential, accompanied by the complete ablation of mitochondrial fusion, similar to observations in the double knockout of Mfn1 and Mfn2. However, the loss of respiratory capacity upon OPA1 silencing is more severe than that observed in Mfn double knockout cells, albeit with similar fusion deficiencies (Chen et al., 2005) . Interestingly, overexpression of OPA1 maintains membrane potential and respiratory capacity despite inducing mitochondrial fragmentation, suggesting that the fragmented morphology per se is not the cause of mitochondrial dysfunction. Adding complexity to this relationship, different treatments that increase, decrease, or completely dissipate  m all result in similarly fragmented mitochondria (Gilkerson et al., 2000; Legros et al., 2002; Ishihara et al., 2003; Lyamzaev et al., 2004; De Vos et al., 2005) . This raises questions as to whether a correlation between a functional state and mitochondrial morphology is a simple one-to-one relation and what underlying mechanisms make comparable morphological changes under differing energetic conditions and vice versa.
Mitochondrial morphology in cell maintenance
Mitochondrial function is essential for bioenergetic and redox homeostasis, calcium regulation, and ultimately cell life and death. These functions are not mutually exclusive, and an influence of mitochondrial morphology is observed within these processes.
Mitochondrial quality control and morphology. A mechanistic connection between mitochondrial morphology control and bioenergetics was first observed in the requirement of the membrane potential for mitochondrial fusion (Legros et al., 2002; Ishihara et al., 2003 Ishihara et al., , 2006 . The loss of membrane potential with carbonyl cyanide m-chlorophenyl hydrazone treatment promotes OPA1 cleavage, which blocks fusion, resulting in fragmented mitochondria. Inhibited fusion was fully reversible upon carbonyl cyanide m-chlorophenyl hydrazone washout and membrane potential recovery followed by new expression of OPA1. In contrast to mitochondrial fusion that requires the proper membrane potential, mitochondrial fission results in depolarization in one of the daughter mitochondria during the majority of fission events in pancreatic  cells (Twig et al., 2008) . As mentioned, depolarization would inhibit the ability of these mitochondria to fuse and, as such, these are selectively targeted for removal through mitophagy (Twig et al., 2008) . This selective fusion of energetically active mitochondria along with the segregation of depolarized mitochondria through fission connects the mitochondrial shape control to mitophagy, constituting a mitochondrial close proximity between the ER and mitochondria allows Ca 2+ concentrations at several hundred micromolar at the microdomains between the ER at regions containing IP3 receptors and mitochondria. The physical association of the two organelles has been known for some time and was estimated to be quite substantial, 5-20% of the ER in contact with mitochondria (Rizzuto et al., 1998; Csordás et al., 2006) . The tight interaction has been reported to involve the fusion protein Mfn2 tethering mitochondria to the ER, and the knockdown of Mfn2 resulted in impaired mitochondrial Ca 2+ uptake . This ER-mitochondria association should play a significant role in not only energy production but also Ca 2+ overload-induced apoptosis. Recently, using electron microscopy and tomography, Friedman et al. (2011) visualized the ER wrapping around the mitochondrial tubule. Further studies revealed that these contacts are independent of the aforementioned Mfn2-mediated ER-mitochondrial tethering. Interestingly, these ER contacts were found to be sites of future mitochondrial fission. Fission proteins, DLP1/Drp1 and the mitochondrial fission factor Mff, were observed in these ER-mitochondria contacts, although the contacts occurred independently of these proteins. In support of the microdomain hypothesis for mitochondrial Ca 2+ influx, this enveloping contact creates a previously unrecognized large surface area contact; however, the role of these novel contacts in the ER-mitochondria Ca 2+ microdomain remains to be tested. Intriguingly, elevated levels of Ca 2+ induce both mitochondrial (Szabadkai et al., 2006; Hom et al., 2007; Yu et al., 2011) and ER fragmentation (Subramanian and Meyer, 1997) . Possibly, the proximity of the two organelles may serve to control mitochondrial morphology through regulation of Ca 2+ levels. In the case of glucose-stimulated Ca 2+ increase and resultant mitochondrial fragmentation, Ca 2+ influx across the plasma membrane was required (Yu et al., 2011) . High flux of Ca 2+ across the plasma membrane may induce ER fragmentation as noted previously (Subramanian and Meyer, 1997) , which could alter the organelle's Ca 2+ -buffering capacity and subsequently mitochondrial Ca 2+ contents. In addition, Ca 2+ has been shown to regulate mitochondrial fission by phosphorylation or dephosphorylation of DLP1, which is discussed later.
As mentioned above, mitochondrial Ca 2+ plays an important role in bioenergetics. However, too much Ca 2+ is detrimental, causing cell injury through ROS production and the mitochondrial permeability transition. ROS also regulate OXPHOS coupling and cellular Ca 2+ contents, and excess levels of ROS result in oxidative damage. Thus, Ca 2+ and ROS must be regulated in a delicate balance, influencing one another for proper bioenergetic activity (Brookes et al., 2004) . As discussed in this section, mitochondrial morphology is directly and indirectly associated with Ca 2+ regulation, apoptosis/mitophagy, Shroff et al., 2009) . Mfn1 and Mfn2 were demonstrated to physically interact with Bak under normal conditions; however, in apoptotic cells, Bak dissociates from Mfn2 but enhances the Mfn1 interaction (Brooks et al., 2007) . DLP1/Drp1 has also been shown to colocalize with Bax and Bak at the mitochondrial outer membrane, which promotes the DLP1 sumoylation in apoptosis (Karbowski et al., 2002; Wasiak et al., 2007) . Recently, DLP1/Drp1 has been reported to promote apoptosis independently of its role as a GTPase by inducing membrane hemifusion, which stimulates Bax oligomerization and insertion into the outer mitochondrial membrane (Montessuit et al., 2010) . Bax/Bak pore formation then would allow cytochrome c release and progression through apoptotic cell death. Another process required for cytochrome c release is cristae remodeling that is coordinated with the OPA1 processing independently of Bax-mediated outer membrane pore formation (Cipolat et al., 2006) . Therefore, mitochondrial fission/fusion proteins are likely to contribute to multiple independent processes in concert to permit the progression of apoptosis. Given that knowledge of the observed interactions is rudimentary between mitochondrial fission/ fusion machinery and apoptosis-regulating Bcl-2 proteins, it is still a matter of debate whether the progression of apoptosis and mitochondrial remodeling are interdependent processes. Components comprising mitochondrial remodeling machinery are still expanding. The mechanistic control of diverse interactions within such a macromolecular complex remains to be defined in different contexts of normal and apoptotic conditions. Not unlike mitophagy, the underlying purpose of apoptosis is survival although in a larger scale. Improper regulation of the process could then allow the propagation of tissue dysfunction and eventually organ failure. It follows then the same premise that disruption of proper maintenance of mitochondrial morphology and the machinery necessary for these changes could influence the progression of cumulative insult pathologies, such as metabolic diseases.
Calcium regulation and mitochondrial morphology. Under normal conditions, increased mitochondrial Ca 2+ activates tricarboxylic acid cycle dehydrogenases (Denton et al., 1972 (Denton et al., , 1978 and ATP synthase (Jouaville et al., 1999) , indicating a critical role of Ca 2+ in mitochondrial bioenergetics. Important to the discussion of oxidative stress in metabolic disease, Ca 2+ also activates the antioxidant enzyme manganese superoxide dismutase (Hayashi et al., 2009 ). However, large mitochondrial Ca 2+ influx induces the permeability transition and eventual outer membrane permeabilization leading to apoptosis. The calcium uniporter constitutes the main mitochondrial Ca 2+ uptake mechanism. Although cytosolic Ca 2+ levels are orders of magnitude lower than the reported K m of the calcium uniporter (Rizzuto et al., 1993 (Rizzuto et al., , 1998 , the with diabetes, whereas studies of individual insult may allow for interpretation of relative contributions to the in vivo situation.
In vitro studies. At the cellular level, alterations in metabolic flux are sufficient to induce mitochondrial form alterations. Previous studies demonstrated that elevated levels of glucose were sufficient to rapidly induce mitochondrial fragmentation (Yu et al., 2006 . These changes were transient and were not dependent on cell type, as hepatic and cardiovascular-derived cells exhibited similar phenotypes. Coincident with mitochondrial fragmentation was the appearance of enhanced ROS. The ROS elevation requires glucose metabolism through mitochondria, as both l-glucose and inhibition of mitochondrial pyruvate transport suppressed the ROS increase. Importantly, inhibition of mitochondrial fission eliminates the ROS increase, which places alterations in mitochondrial morphology upstream of ROS production, supportive of form dictating function. Collectively, the combination of mitochondrial fission and enhanced metabolic input creates a state conducive to electron slippage and ROS production in the ETC. The underlying mechanism for the role of mitochondrial morphology in the ROS increase is still unresolved, but the effect on ETC component organization such as supercomplex formation is plausible. Elevated ROS also correlated with increased apoptosis, which was also suppressed with fission inhibition . These observations suggest a potential benefit of controlling fission on hyperglycemic cell injury by affecting ROS production, apoptosis, or both.
In addition to glucose, metabolic insult by elevated FFAs has been demonstrated to increase ROS levels in hepatic cell lines and primary hepatocytes (Feldstein et al., 2004; Malhi et al., 2006; Nakamura et al., 2009; Zhang et al., 2010) . Altering mitochondrial ETC complex activities and mitochondrial FFA uptake alleviated increases in ROS levels suggestive of their mitochondrial origin (Nakamura et al., 2009 ). In the context of metabolic disease, the enhanced ROS would not only increase mitochondrial and cellular damage but additionally they cause insulin resistance in hepatic cells by a JNK-induced IRS-2 phosphorylation that inhibits insulin signaling. Although mitochondrial morphology was not evaluated in these studies, membrane potential loss and cytochrome c release were observed, consistent with the mitochondrial permeability transition and apoptosis.
Endocrine signaling from the pancreas is vital in regulating whole organism metabolism. Pancreatic  cells exposed to FFA (palmitate) exhibited suppression of OXPHOS, as indicated by reduced membrane potential, ATP contents, and oxygen consumption (Las et al., 2011) . Deficiencies in the mtDNA-encoded complex IV subunits were noted in the absence of changes of nuclear-encoded subunits, suggestive of compartmentalized and bioenergetics. In metabolic excess, it is likely that the tight regulatory balance for normal bioenergetics goes awry, and resulting ROS overproduction and cell injury contribute to downstream pathology.
Altered metabolic flux and mitochondrial form/function
In vivo observations. Hepatic mitochondrial dysfunction is well documented in the progression of metabolic disease, with impairments in ETC complexes (Pérez-Carreras et al., 2003) and a subsequent depression of ATP levels in the progression of NAFLD to nonalcoholic steatohepatitis (Cortez-Pinto et al., 1999) . Changes in mitochondrial function are accompanied by alterations in their morphology in this pathological condition. These include the altered cristae structure, crystalline inclusion, and abnormally shaped mitochondria referred to as "megamitochondria" (Caldwell et al., 1999; Jayakumar et al., 2011) . Because of the nature of these clinical observations only at the diagnosis stage, the progression of NAFLD with respect to mitochondrial structure and function is not well documented. ETC deficiencies have been shown in all five respiratory complexes (Pérez-Carreras et al., 2003) , and up-regulation of  oxidation in exposure to excess free fatty acid (FFA) has also been reported (Miele et al., 2003 ). An increase in oxidative stress in fatty liver disease is conceivably the result of the convergence of these two factors.
Clinical observations correlating disrupted mitochondrial form and function are also apparent in DCM. The pathological condition of DCM has been associated with morphologically aberrant swollen and round mitochondria, with a loss of discernable cristae (Regan et al., 1977) . Atrial samples from diabetic patients displayed deficiencies in utilization of fatty acid and glutamate as substrate in permeabilized myofibrils, in correlation with enhanced ROS production with all substrates assessed (Anderson et al., 2009) . Enhanced oxidative stress was also observed, along with an increased propensity for the opening of the permeability transition pore with exogenous Ca 2+ treatment (Anderson et al., 2011) . As discussed, given the intimate relationship between mitochondrial morphology and bioenergetics, altered control of mitochondrial morphology must then be considered as a potential underlying pathological mechanism in these metabolic diseases. However, metabolic stimuli driving the changes in the form/function of mitochondria are complex in obesity and insulin resistance associated with NAFLD. There is a high correlation of incidence of type 2 diabetes and NAFLD consistent with an environment of hyperglycemia, hyperinsulinemia, and elevated levels of triglyceride in circulation. In such circumstances, insulin resistance allows persistent hyperglycemia while uncontrolled lipolysis produces elevated levels of FFAs in circulation. Therefore, in vitro studies with combinatorial insult may more closely represent the in vivo milieu of metabolic disease associated showed that treatment of human aortic endothelial cells with elevated levels of glucose for 24 h increased expression of both DLP1/Drp1 and Fis1 (Shenouda et al., 2011) . These observations suggest that long-term metabolic insult can elicit alterations in cellular gene expression profiles to change mitochondrial morphology. In addition, the apoptosis-associated mitochondrial fragmentation could be related to the mitochondrial morphology change observed after a long-term insult, and so could the metabolic insult-induced mitochondrial dysfunction, as it is evident that mitochondrial dysfunction causes a morphological alteration. In contrast, immediate morphological response to metabolic insult is likely mediated by cellular signaling events at the posttranslational level. The high glucose-induced rapid mitochondrial fragmentation implicates an ERK1/2-mediated DLP1/Drp1 phosphorylation to increase fission (Yu et al., 2011) . Although there is no direct evidence, because the high glucose insult evokes Ca 2+ increase, it is possible that mitochondrial fission can be activated in this metabolic insult through Ca 2+ /calmodulin-dependent kinase I that phosphorylates DLP1 (Han et al., 2008) , or the calcineurin-mediated DLP1 dephosphorylation (Cereghetti et al., 2008) . In addition, mitochondrial depolarization can act as a bioenergetic signal that induces OPA1 cleavage preventing fusion (Duvezin-Caubet et al., 2006) . Considering the distinct mechanisms for the mitochondrial shape control in acute and chronic conditions, further definition of the temporal execution of dynamic change of mitochondrial morphology under metabolic excess will be critical for understanding the correlation of mitochondrial shape with mitochondrial function and bioenergetic states in pathological progression. Furthermore, potential interplay between the early and late changes of mitochondrial morphology will be of interest regarding whether an early, often reversible, morphological/functional change in metabolic insult contributes to chronic, irreversible alterations in form and function of mitochondria in metabolic disease.
Many studies indicate the involvement of oxidative stress from increased ROS levels as a critical factor in pathological development of metabolic disease. From the mitochondrial bioenergetic standpoint, elevated levels of reducing equivalents of NADH and FADH 2 from the catabolism of glucose and FFAs in metabolic excess overload the ETC, causing hyperpolarization and subsequent ROS overproduction. This hyperpolarization-induced ROS overproduction would continue until cumulative oxidative insult impairs the ETC complexes, causing mitochondrial depolarization and dysfunction. Thus, the next phase of pathological ROS production from dysfunctional mitochondria would be established, leading to further damage through the vicious amplifying cycle of mitochondrial dysfunction and ROS production (Fig. 1) . In the therapeutic aspect, once mitochondria become dysfunctional, restoring damage within the mitochondria, possibly through elevated ROS from palmitate incubation. The authors reported that decreased cellular ATP levels in palmitate insult impair autophagy through failure to acidify the lysosomal compartment. This palmitate-induced -cell mitochondrial dysfunction was accompanied by mitochondrial fragmentation. Mitochondrial fragmentation was also observed in  cells exposed to glucolipotoxic insult, a treatment that induced -cell apoptosis (Molina et al., 2009) . Mitochondrial fragmentation occurred relatively rapidly within 4 h of treatment and required the fission protein Fis1, a putative DLP1 receptor. Fis1 depletion inhibited the apoptosis in this condition, suggesting that mitochondrial fission is required for apoptotic cell death in pancreatic  cells under glucolipotoxic insult. Interestingly, although inhibition of mitochondrial fission was sufficient to circumvent apoptotic cell death, it failed to recover impaired insulin secretion. Although speculative, these observations suggest that cellular/ mitochondrial function may be irreversibly impaired before the progression to apoptosis, and that this fragmentation is apoptosis associated and consequential from mitochondrial dysfunction. More detailed studies will be necessary to determine when mitochondrial fragmentation occurs relative to the mitochondrial dysfunction and apoptotic cell death in this meta bolic insult.
What comes first, misshape or dysfunction? Based on studies described in the previous sections, it is likely that form and function of mitochondria influence each other in both directions in metabolic insult. Defining the temporal sequence for functional and morphological alterations of mitochondria and dysregulation of other cellular processes in metabolic insult would provide useful information for cause-and-effect relationships of these pathological parameters. However, many of the studies with cultured cells used differing experimental time frames for assessing effects of FFA or glucose on cellular/mitochondrial processes, making the interpretation of the results complicated. Although most of the studies monitored mitochondrial function and morphology routinely at least 24 h after treatment, there also appears to be an acute response to metabolic insults. Hyperglycemic treatment has been shown to rapidly increase and then decrease mitochondrial fragmentation and ROS production within an hour, which repeats later with extended duration of the coinciding mitochondrial fragmentation and high ROS (Yu et al., 2006) , indicating a cyclic fluctuation of mitochondrial morphology and function in response to metabolic insult. Therefore, it is possible that different mechanisms for the mitochondrial morphology change operate in immediate versus longterm responses to metabolic insult. For instance, 48-h treatment of hepatocytes with long-chain FFAs caused mitochondrial fragmentation with significantly suppressed Mfn2 expression (Zhang et al., 2011) . Another study the relative sequence of these changes remains an undefined variable in our understanding of their pathological progression. Regardless of temporal execution, the resultant damage to mitochondria must be reconciled to avoid the amplification of the insult. Mitochondrial fission and fusion have influence in mitophagy and apoptosis, with their disruption having detrimental consequences in cell and tissue maintenance. Dysregulation of mitochondrial fission/fusion therefore can exacerbate the metabolic insult-induced tissue damage through bioenergetic dysfunction while amplifying the effect through the misregulation of cellular maintenance mecha nisms. Although it is clear that the total ablation of mitochondrial fission or fusion is detrimental to the cell, acute control at the appropriate times would be beneficial. As metabolic diseases are progressive, reliant upon the accumulation of insult, an early intervention could evade irreversible damage. Defining the underlying mechanisms controlling mitochondrial morphology in enhanced metabolic flux will define temporally appropriate targets of intervention in the metabolic disease progression.
This Shey-Shing Sheu served as guest editor. mitochondrial function under continuous metabolic stress would be a challenging task. Therefore, defining the threshold for the pathological transition from the mitochondrial hyperpolarization-induced to dysfunction-induced ROS production in metabolic excess conditions would be important for an early intervention of the pathological progression. As discussed, morphological change of mitochondria is an important parameter associated with metabolic disease, as it is involved in ROS production and apoptosis/mitophagy, and evidence indicates that mitochondrial morphology can dictate mitochondrial functionality. Mitochondrial shape changes in response to metabolic insult occur through possibly differential mechanisms in early and late phases of the insult. Therefore, manipulating mitochondrial shape directly or through regulating an acute signal would be an attractive strategy for an early intervention of metabolic disease (Fig. 2) .
R E F E R E N C E S

Conclusions
The cumulative evidence supports an intimate mitochondrial form-function relationship associated with the progression of metabolic diseases. A requisite bridge of this relationship is the bioenergetic status of the mitochondria, with shape influencing function and vice versa. In the context of metabolic disease, delineating Mitochondrial morphology and function in metabolic excess. Increased metabolic input in the form of high glucose and/or fat (HG/HF) provides an increased entry of reducing equivalents into the ETC resulting in enhanced  m , favorable for electron slippage and ROS production. Metabolic signaling may alter mitochondrial morphology in HG/HF conditions. Altered mitochondrial morphology under metabolic excess plays a role in ROS production and subsequent mitochondrial dysfunction. Conversely, ROS inside mitochondria causes mitochondrial dysfunction, which may affect mitochondrial morphology. Accumulating damage inside of mitochondria through ROS progressively causes irreversible mitochondrial dysfunction for a new exacerbating cycle of ROS and mitochondrial dysfunction. Apoptosis and dysregulation of mitophagy are accompanied in the metabolic insult conditions, which also interface with mitochondrial morphology change.
